The application of a non-destructive analytical procedure to characterise the mineral phases in meteorites is a key issue in order to preserve this type of scarce materials. In the present work, the Elephant Moraine 83227 meteorite, found in Antarctica in 1983 and originated from 4 Vesta asteroid, was analysed by micro-Raman spectroscopy, micro-energy-dispersive X-ray fluorescence and the structural and chemical analyser (Raman spectroscopy coupled with scanning electron microscopy-energy-dispersive spectroscopy) working in both point-by-point and image modes. The combination of all these techniques allows the extraction of, at the same time, elemental, molecular and structural data of the studied microscopic area of the meteorite. The most relevant results of the Elephant Moraine 83227 were the finding of tridymite for the first time in a 4 Vesta meteorite, along with quartz, which means that the meteorite suffered high temperatures at a certain point. Moreover, both feldspar and pyroxene were found as the main mineral phases in the sample. Ilmenite, apatite, chromite and elemental sulphur were also detected as secondary minerals. Finally, calcite was found as a weathering product, which was probably formed in terrestrial weathering processes of the pyroxene present in the sample. Besides, Raman spectroscopy provided information about the conditions that the meteorite experienced; the displacements in some feldspar Raman bands were used to estimate the temperature and pressure conditions to which the Elephant Moraine 83227 was subjected, because we obtained both low and high formation temperature feldspar.
Introduction
The Elephant Moraine 83227 (EET 83227) meteorite was found in the Elephant Moraine icefield of Antarctica in 1983 by the US Antarctic Search for Meteorites program (ANSMET) with a weight of 1973 g. EET 83227 is one of the 268 meteorites classified as a Polymict Eucrite Meteorite [1, 2] , belonging to the HEDs (Howardites-EucritesDiogenites) group of achondritic meteorites [3] . Achondrites are rocks formed on a parent body that suffered a melting process, in which different phases were formed and differentiated. Based on spectroscopic data (telescopic visible and near-infrared), eucrites are rocks originated from the asteroid 4 Vesta [3] [4] [5] , having a different oxygen isotopic distribution than the Earth-Moon and Mars meteorites [6] .
Polymict eucrites are regolith breccias consisting of eucrite fragments and less than one part in ten of diogenite, an arbitrary dividing line from the howardites, which are related in structure. The typical polymict eucrites are characterised by (a) large medium-grained mafic clasts, containing ophitic to radial pyroxene/Ca-rich plagioclase intergrowths and (b) breccias clasts with shocked pyroxene and twinned feldspar.
Regarding the particular polymict eucrite that was analysed in this study, EET 83227, only the basic characteristics of the specimen are reported in literature following the standard procedures of petrology [1] . There, it was described that coarsegrained lithic fragments, fine-grained granular mafic clasts and rare glassy fragments were found. Moreover, three orthopyroxene grains, more magnesian than En 70 , were detected by microprobe, diogenite-like clasts were said to be very rare and maskelynite was not observed [1] .
Apart from these few data, little is known about the particular mineralogy and geochemistry of the EET 83227 meteorite. This meteorite is expected to be composed of the original material of 4 Vesta asteroid, although it can have varied due to the pressure and temperature conditions suffered during its travel as well as due to the entrance in the terrestrial atmosphere. Moreover, the fact that the meteorite is porous does not allow ruling out reactions among original components of the meteorite and terrestrial compounds present in the landing location, especially if we take into account the terrestrial age of this meteorite, that has been estimated with a minimum of 16.5 Ma [7] .
The study of this non-terrestrial body is interesting for two main reasons. On the one hand, it can provide new information about 4 Vesta regarding its origin or formation. Although studies about this asteroid already exist, every single meteorite originated from it can contribute to its understanding, specially taking into account that this type of sample is very scarce. On the other hand, a meteorite analysis does not only contribute to the study of its parent body, but also to the understanding of the different alteration processes that they suffer from the moment they come off from their parent body to the moment they are collected on Earth. In this sense, this kind of studies can provide clues for the understanding of the Solar System and all the processes that take place there. Besides, as it has been wandering through the outer space for a long time, it acts as a historic tracer, helping to understand the Earth origin [8] . Therefore, due to these reasons, the EET 83227 meteorite's analysis is a necessity.
An important part of the studies carried out on nonterrestrial materials is focused on the geochemical and petrochemical analyses. This information is crucial for the elucidation of the different matters explained above. Until some years ago, destructive analytical techniques have been the most used ones for the meteorites' analyses. However, analytical techniques and methods have evolved towards more reliable and sensitive procedures [9] . In that work, authors suggest the use of a combined analytical methodology, employing microRaman spectroscopy and imaging, micro X-ray fluorescence spectrometry and imaging, together with the Structural and Chemical Analyser (Raman spectrometer coupled to SEM-EDS), to ascertain the elemental, the molecular (mineralogical in this case due to the absence of organic molecules) and the structural composition. All these analyses can be performed in a non-destructive way, helping in the preservation of these valuable and scarce samples for further studies [9] .
Due to the high lateral resolution and confocality of these analytical techniques, inclusions trapped in the bulk of the meteorites can be easily analysed, providing important data not only about the origin of the extra-terrestrial body but also on the terrestrial weathering processes suffered by the meteorite since its arrival until the day it was collected [10, 11] . The combination of these techniques provides a precise characterisation of the samples, as they complement each other regarding the information they are capable to obtain. Concretely, micro-Raman spectroscopy will be implemented on board of the Exomars2020 rover to analyse powdered material from samples taken from the surface and inner (up to 2 m) parts of the Martian crust with spot sizes of 50 μm [12] , which proves the suitability of this technique in order to analyse this kind of samples. Furthermore, the combination of the imaging capabilities of both micro-Raman spectroscopy and micro Xray fluorescence spectrometry, allows the measurement of a complete area of the sample, avoiding leaving any space of the surface without analysing. Finally, the Structural and Chemical Analyser (SCA) interface allows performing Raman spectroscopy analysis inside a SEM-EDS chamber, obtaining both elemental and molecular information of the same spot of the sample.
In addition to these techniques, other ones are usually employed for petrological and mineralogical studies. For instance, μ-X-ray diffraction (μ-XRD) is a commonly used methodology that provides precise information about the different mineral phases present in a rock. However, μ-XRD requires the sample to be crystalline in order to obtain the molecular information. Even though 4 Vesta meteorites are rocky and contain crystalline minerals, they are complex samples and can also contain non ordered or amorphous phases which cannot be analysed by means of μ-XRD. In addition, this kind of materials usually have suffered high pressures and temperatures when they enter Earth's atmosphere, which provokes the loss of crystallinity of the minerals. Furthermore, in this type of techniques, a preparation of the sample is usually needed, which involves a physical alteration of it (like grinding, for instance). Therefore, techniques such as μ-XRD were not considered for this study due to the given reasons.
By using the proposed techniques (Raman spectroscopy, μ-XRF and SEM-EDS), the non-destruction of the analysed sample is guaranteed, as well as the acquisition of reliable elemental and mineralogical results in a micrometric scale. Due to this fact, this methodology is very suitable to cover the geochemical analysis of the EET 83227.
Materials and methods
For this study, the thin section sample EET 83227-9 (parent 5) was analysed. The specimen, supplied to us by the US Antarctic Meteorite Program, was collected by the Antarctic Search for Meteorites (ANSMET) program. It was curated by the Department of Mineral Sciences of the Smithsonian Institution and Astromaterials Curation Office at NASA Johnson Space Center.
The elemental characterisation of the ETT 83227 meteorite sample was performed by means of the M4 Tornado (Bruker Nano GmbH, Germany) micro-energy-dispersive X-ray fluorescence spectrometer (μ-ED-XRF), using both single point analysis and map imaging capabilities. The instrument has a microfocus side window Rh tube powered by a low-power HV generator and cooled by air that extends to a maximum voltage and current of 50 kV and 600 μA respectively. The micrometric lateral resolution of the instrument, 25 μm for the Mo K α -line, is achieved thanks to a poly-cap optics and the spot size varies as a function of the energy, being 17 μm at 2.3 KeV and 32 μm at 18.3 KeV. The map images were collected using a step of 20 μm with the 25 μm spot, where every single acquisition is represented by a pixel in the images. The M4 Tornado implements an XFlash silicon drift detector with 30-mm 2 sensitive area and an energy resolution of 145 eV for Mn-K α . To perform the focus of the samples two video microscopes are employed, the first one explores the sample under a low magnification (1 cm 2 area) while the second one performs the final focusing where the analysis will be carried out (1 mm 2 area). To improve the detection of the lightest elements (Z < 16), all the μ-ED-XRF measurements (single points and mapping) were acquired always under vacuum conditions (20 mbar) . Using this technique, element distribution images of the sample can be obtained. With them, it can be easy to spot zones of interest to guide the other techniques employed.
The mineralogical analyses were performed using microRaman spectroscopy, both in a single point mode and in the spectroscopic imaging mode. Both modes are implemented in the InVia confocal micro-Raman instrument (Renishaw, UK), provided with a 532 nm excitation laser and Peltier cooled CCD detector (− 70°C). The instrument is coupled to a Leica DMLM microscope (Bradford, UK), using the 50× N PLAN (0.75 aperture) and 20× N PLAN EPI (0.40 aperture) objectives, with a 25-μm and a 10-μm spot size, respectively. The power applied was set, at the source, at a maximum of 50 mW, while on the sample was always less than 20 mW. The spectra were acquired in the range of 100-3200 cm −1 , although in the present work, the spectra are shown in a range of 100-1200 cm −1 to present clearly the fingerprint area of the identified compounds in the meteorite specimen. The definitive measurements were performed after an optimization of the best time of exposure and number of accumulations. The Raman images were obtained with the same spectrometer using the High Resolution StreamLine technology (Renishaw, UK). The inVia's motorised microscope stage moves the sample beneath the objective so that the laser line is rastered across the region of interest, collecting the data. The dimension and resolution of the maps were determined depending on the aim of the analysis (fast scan or detailed analysis of an area), but the maximum step between spectra was 10 μm. Details of the working conditions are given elsewhere [13] .
The spectrometer was calibrated daily with a silicon chip and its 520.5 cm −1 band. Data acquisition and treatment was carried out by the Wire 4.2 software package by Renishaw. The results were interpreted by comparing the collected Raman spectra with Raman spectra of pure standard compounds of our own databases and with the RRUFF database [14] . In order to obtain morphological, elemental, molecular (mineralogical) and structural results in the same spot, a scanning electron microscope and an energy-dispersive spectrometer coupled to the Raman spectrometer were used. This coupling was carried out through the Structural and Chemical Analyser (SCA, Renishaw, UK) interface. The experimental platform of the SCA system is composed of different instruments: an EVO 40 Scanning Electron Microscope (SEM, Carl Zeiss NTS GmbH, Germany), which is coupled to an X-max energy-dispersive X-ray spectroscopy equipment (EDS, Oxford Instruments, UK), and the described Raman spectrometer. The SEM images were acquired at high vacuum employing an acceleration voltage of 20 kV, reaching up to 10,000 magnifications using an SE detector. For the visual analysis of the sample, an electron beam current of 100 pA was used and in order to obtain the EDS information an electron beam current of 200-500 pA was employed. Due to the nature of the analysed sample, the measurements were carried out without carbon coating, as it had enough conductivity to perform the analysis.
The EDS instrument was used for elemental mapping and the analyses were performed using an 8.5-mm working distance, a 35°take-off angle and an acceleration voltage of 20 kV. For the SEM-EDS data collection, the INCA suite 4.13 (Microanalysis Suite, UK) was used. These instruments are coupled to the Raman spectrometer described above through an optic fibre. This fact allows the acquisition of molecular Raman spectra in the same micrometric spot where elemental data was obtained with the EDS. By using this, simultaneous combination of techniques, elemental, mineralogical, and structural information can be extracted at the same time.
Results

Micro-energy-dispersive X-ray fluorescence
The μ-ED-XRF imaging results for the main elements present in the sample are presented in Fig. 1 . The image was acquired with a step of 20 μm between every single measurement, so that the full coverage of the sample surface was guaranteed, as the spot is of 25 μm. The colour intensity of the mapping for each element image is determined by the intensity of the spectral signal. A brighter colour means a higher intensity of the signal of that element in comparison with the one of the surrounding area. In that sense, several correlations between the different elements could be stablished, observing the presence or lack of an element and its abundance and comparing them with the other ones. This fact can be used to correlate the different elements and help in further Raman spectroscopy mineralogical interpretation.
Raman spectroscopy
By means of Raman spectroscopy, it was found that one of the main mineral phases of the sample was pyroxene, XY(Si, Al) 2 O 6 (X = Ca, Na, Fe(II), Mg, Zn, Mn, Li; Y=Cr, Al, Fe(III), Mg, Co, Mn, Sc, Ti, V), usually mixed with other compounds (Fig. 2) a n d 3 9 0 c m − 1 f o r t h e M g -O i n e n s t a t i t e ( E n , Mg 2 Si 2 O 6 )). As seen, well resolved stretching bands of the three metals are shown in Fig. 2 , indicating the presence of calcium, magnesium, and iron in the pyroxene. Besides pyroxene, feldspar was also observed as the other main mineral phase in the meteorite sample by means of Raman spectroscopy (Fig. 3) . The two strongest bands in feldspar Raman spectra appear in the range of 450-520 cm are assigned to the vibrational stretching modes of the silicate tetrahedron. Finally, the bands in the 700-900 cm −1 range are related to the deformation modes of the tetrahedron [15] . Silica in two different forms, quartz and tridymite, was also observed by means of Raman spectroscopy. Quartz (465 cm −1 as the main band and 128 and 204 cm −1 as the . S1 ) was formed in 4 Vesta after a crystallisation process in liquid water which, probably, came from outside the asteroid [16] . Regardless of the origin of this water, the quartz is an original compound from the meteorite, and not a product of a possible weathering process on the Earth. Together with quartz, tridymite was also found in the EET 83227 sample by means of Raman spectroscopy (212, 307, 355, and 435 cm −1 as the main bands and 793 cm −1 as a secondary band, ESM Fig. S1 ). This mineral phase is a polymorph of quartz which is formed at low pressure (around 1 bar) and high temperature (> 870°C) conditions [17] . It must be noted that this is the first time that tridymite is observed in a 4 Vesta meteorite and that it has never been reported to be present in the asteroid. Besides these main mineral phases, three minor compounds belonging to 4 Vesta were found by means of R a m a n s pe c t r o s c o p y: c h r o m i t e ( F e, M g ) C r 2 with ilmenite (FeTiO 3 ), a known mineral phases that is present in eucritic materials at low concentration in 4 Vesta (0.3% for both) [18] . The presence of chromite would explain the chromium hotspot observed previously in the μ-ED-XRF results (Fig. 1) . This hotspot matched perfectly with the presence of Mg and the absence of Ca. In addition, the area also had iron presence. These facts led to the confirmation of a grain of chromite in the sample. In addition to those major and minor mineral phases, Raman spectroscopy detected in the sample of the EET 83227 meteorite the presence of calcite (CaCO 3 , Raman bands at 1086 cm −1 as the main band and 155, 282, and 713 cm −1 as secondary bands, ESM Fig. S2 ). Calcite was found systematically along with pyroxene, which appeared in all the spectra where CaCO 3 was determined.
SEM-EDS coupled to Raman spectroscopy through the SCA interface
In order to clarify the pyroxene metallic composition, that is, the abundance of Fs, En and Wo, the SEM-EDS coupled to a Raman spectrometer through the SCA interface was used to characterise the metal proportions of this mineral phase, as shown in literature [19] . Four different pyroxene areas were measured and the mean value of the concentrations for each area was obtained. The metal composition observed in the sample was Fs 22.8 ± 2.3 En 60.2 ± 4.4 Wo 17.0 ± 1.7 , where the confidence interval was calculated at a 95% of confidence and using the standard deviation of the four measured areas. Moreover, in addition to all the already mentioned minerals, ilmenite was easily found in the meteorite thanks to the capabilities that the SCA interface provides. As it can be observed in Fig. 4 , the SEM-EDS measurements performed on the surface of the sample showed some clear Ti hotspots. These hotspots matched perfectly with the Si, Ca, Mg, and Na image voids, where they are not present, especially noticeable in the Si image. In addition, the Ti hotspots match with the zones where Fe is in a higher atomic percentage. In fact, both of them have the same colour (light blue) in those zones, which means that they had a similar atomic percentage in the hotspots, that is, the Fe and Ti present in the compound of the hotspots had a 1:1 stoichiometry. This fact was proved with the EDS Fig. 3 a Low temperature and b high-temperature Ca-rich feldspar found in the EET 83227 sample by means of Raman spectroscopy results of the named hotspots, which gave a composition of 60.1 ± 5.9% for O, 18.6 ± 1.9% for Ti, 19.8 ± 2.0% for Fe, 1.1 ± 0.1% for Mn and 0.4 ± 0.1% for V, measured in atomic percent, and taking into account the standard deviation of the six Ti hotspots measured for the confidence interval at a 95% of confidence. In order to obtain mineralogical information of these zones, several Raman spectroscopy measurements were performed thanks to the SCA interface; these spectra corresponded to the ilmenite mineral phase (see Raman spectrum in Fig. 4 ).
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Fig. 4 SEM-EDS and
Raman results for a zone of the EET 83227 sample. In the bottom, the EDS images can be observed, measured in atomic percent, with the SEM image in the centre. In the top left, the EDS spectrum of a Ti hotspot. In the top right, the Raman spectrum of said hotspot
Discussion
μ-ED-XRF imaging to discern different mineral phases
Besides of the usual semi-quantitative results that the μ-ED-XRF analysis provides, the imaging mode of analysis can be used to discern the different mineral phases present in the sample. Each mineral has a different elemental composition, so if the different element maps are compared, the mineral phases can be discerned as a first step in the geochemical characterisation of the sample. In the results shown in Fig. 1 , Si was present through the entire sample, as stone meteorites are composed mainly of silicate minerals. As mentioned in the Introduction, the main mineral phases of the EET 83227 described in literature are pyroxene and feldspar [1, 2] . Al substitutes Si atoms in the tetrahedral spaces of minerals in a systematic and fundamental way, depending on the mineral nature. The main minerals present in the EET 83227 meteorite, pyroxene and feldspar, suffer from this type of substitution, specially the feldspar. However, according to the Fig. 1 , there is not a direct correlation of Si and Al along the analysed surface. This could be due to the fact that Al can also be part of the mineral in other spaces, as a cation, according to the general formula of this type of minerals, XY(Si, Al) 2 O 6 (X = Ca, Na, Fe(II), Mg, Zn, Mn, Li; Y=Cr, Al, Fe(III), Mg, Co, Mn, Sc, Ti, V). Iron, manganese, calcium and magnesium are usually found in this kind of meteorites due to the presence of pyroxene and feldspar as the main mineral phases of eucrites [1] . This is the case of the EET 83227 meteorite. μ-ED-XRF elemental distribution maps (Fig. 1) show a direct correlation between manganese and iron, as it is usual in silicate minerals which have iron as one of the main element [20] . Calcium can have different origins. On the one hand, eucrites have Ca-rich feldspar, which can also explain the absence of potassium and sodium. On the other hand, the presence of pyroxene in this sample could explain the presence of Ca as well. The analysed EET 83327 meteorite sample (Fig. 1) shows the presence of magnesium through the whole sample, which might be related with the presence of pyroxene, with a hotspot of high magnesium concentration. As this hotspot is not correlated with the calcium distribution map, the presence of magnesium in this specific area is not due to the presence of pyroxene. However, the mentioned hotspot has a correlation with a hotspot of chromium in the same zone, suggesting the presence of another mineral phase besides pyroxene and feldspar.
In the case of sulphur, it was not found any correlation with any of the other elements present in the sample, which might mean that it was present in its elemental state. However, it could also imply the presence of a sulphur or sulphate of an elemental present throughout the whole sample, such as iron. In this sense, a μ-XRF is not always enough in order to differentiate mineral phases. Finally, the μ-ED-XRF imaging maps for vanadium and titanium had an extremely high correlation, which led to think that a mineral phase composed mainly of V and Ti was present in those hotspots.
Raman spectroscopy, results beyond the mineralogical characterisation
As it is known, Raman spectroscopy provides mineralogical information of a given sample in the measured spot, as each spectrum is unique of each mineral. This technique relies on Raman scattering, with which the low frequency modes in a system can be observed, such as the vibrational and rotational modes of a molecule or mineral [21] . This fact means that, besides of the mineralogical characterisation of the sample, Raman spectroscopy can be used to observe other characteristics of the mineral phases.
As it was stated in the BResults^section, pyroxene is one of the main mineral phases of the meteorite. As it is known, there are different types of pyroxenes depending both on their crystalline structure and their calcium, iron and magnesium content in the cation positions [22] . In the Raman spectra (Fig. 2) , these structural and chemical differences among pyroxenes can be observed by shifts in the wavenumber of the bands and also in the number or shape of some bands. [23] . In that work, authors provided accurate results for the content of Fe, Mg and Ca for the quadrilateral pyroxenes by means of Raman spectroscopy [23] . Unfortunately, in the EET 83227 meteorite sample, none of pyroxene Raman spectra collected corresponded to quadrilateral pyroxene, as all of them had a doublet in the 990-1020 cm −1 spectral range, instead of a single intense band.
However, with the SEM-EDS it was observed that the elemental composition of the pyroxene of the sample was Fs 22.8 ± 2.3 En 60.2 ± 4.4 Wo 17.0 ± 1.7 . As it can be seen, the pyroxene present in the EET 83227 meteorite is rich in magnesium and poor in iron and calcium, with calcium being the lowest of them. This ratio of metals in pyroxene is the one that is supposed to have the eucritic crust in 4 Vesta, where pyroxenes are rich in Mg and specially poor in Ca [4] . Despite being very similar, the pyroxene composition found in this study has lower concentration of Mg than the one stated in literature (En 70 ) [2] . In the case of feldspar present in the EET 83227 meteorite sample, the determination of its crystalline structure was carried out thanks to Raman spectroscopy based on the work by J. J. Freeman et al. [24] . First of all, it was observed that the feldspar present in the EET 83227 meteorite corresponded to a calcium-rich feldspar. This fact was deduced due to the band that appears at 505 cm −1 , which is observed at a lower wavenumber than the Na-and K-rich feldspar, and the low relative Raman intensity and position for the band at 460 cm −1 , which appears with higher relative intensity and at higher wavenumbers for the Na-and K-rich feldspar. This result was in concordance with the ones obtained by μ-ED-XRF described above. Among Ca-rich feldspar, two structurally different feldspars can be differentiated, the low temperature ones, with a primitive unit cell, and the high temperature ones, with a body-centred unit cell [24] . Both types of mineral phases are differentiated by the small band that appears at 460 cm −1
. In the case of a Ca-rich feldspar with a low temperature formation, the band can be observed and visually distinguished from the doublet at 486 cm −1 and 505 cm −1 (Fig. 3a) .
When the band at 460 cm −1 cannot be distinguished without a decomposition of the bands, the Ca-rich feldspar belongs to the high temperature type, with a body centred unit cell [24, Fig. 3b ]. Both kinds of feldspar were observed in the EET 83227 meteorite, which led to think that at some point one of the two crystalline types transformed partially into the other one. It is a known fact that low temperature (primitive unit cell) can be transformed into the high temperature one (body-centred unit cell) with high temperatures (around 237°C) or with the increase in sodium content [25] . Although the increase in sodium content cannot be discarded, we do think that the most likely explanation for this alteration is the temperature increase caused by the heat generated when the meteorite entered Earth's atmosphere. In order for this transformation to take place in the crystallographic system of the feldspar, a temperature of at least 237 ± 1°C is needed [26] . High temperatures are reached in the atmospheric entry of celestial bodies. However, in order to estimate the temperature that a meteorite reached when it travelled through the atmosphere, several parameters must be known, such as the shock layer thickness, the mass, the volume or the angle at which the meteorite entered the Earth [27] . On the one hand, some of these are well known, such as the mass (1973.0 g) or the volume (13 × 10 × 9 cm) [2] . On the other hand, the angle at which the meteorite did the atmospheric entry is not known and, although it is stated in the Meteoritical Bulletin that the EET 83227 has a few millimetre-sized patches of fusion crust [2] , the exact measurements of the shock layer is not provided. Nevertheless, even though the temperature that the meteorite suffered in the atmospheric entry cannot be estimated, this type of bodies usually suffers temperatures higher than 237°C [27] . This fact means that the meteorite's feldspar suffered a partial transformation from a primitive unit cell crystalline structure into a body-centred unit cell one.
In addition to the temperature effect on the feldspar mineral phase, an alteration caused by high pressure on the same mineral phase was also detected. As it can be observed in Fig. 5 , the obtained spectra of feldspar are both less resolved and has broader bands than the ones shown in Fig. 3 , especially in the 600-1000 cm −1 range. In addition, the band at 980 cm −1 is a little bit wider than the ones mentioned previously. More precisely, it has a full width at half maximum (FWHM) of 32.1, while the FWHM of the same band of the spectrum of Fig. 3a and b is 17.7 and 15.7, respectively. Both the loss of resolution and the widening of the band at 980 cm −1 of a feldspar spectrum are explained by a shocking event that the meteorite suffered [24] . Apart from those two main mineral phases, silica was also observed in the sample in the form of quartz and tridymite. Although quartz is a known compound found in 4 Vesta [17] , tridymite has never been previously reported neither in the asteroid itself nor in a meteorite coming from it. This mineral could have been formed through two different ways. On the one hand, it could have been formed in the impact or atmospheric entry of the meteorite on Earth. As it has been already explained above, this event can achieve the necessary temperatures for a mineral phase alteration. In fact, literature states that the impact can generate a temperature up to 2000°C [28] . This could lead to the transformation of the quartz present in the meteorite into tridymite. However, this should have been a partial alteration, as quartz was also found in the sample along with tridymite. On the other hand, this polymorph could have been formed in 4 Vesta before the impact that generate the ejecta of the EET 83227 meteorite. As it is known, the asteroid has received through the years, and keeps receiving in the present, numerous impacts of different celestial bodies [29, 30] . These impacts can also transform the quartz present in 4 Vesta into tridymite. Despite tridymite is an uncommon material in Earth, it has been found in Mars by the rover Curiosity [18] ; thus, it could have been formed in 4 Vesta through the same process as in Mars, which is still unknown nowadays. However, the two theories explained above have an issue, which is the pressure that the quartz had to suffer. As it has been stated previously, a meteorite impact can generate enough temperature for the transformation, but it can also generate pressure up to 25 GPa [28] . This high pressure would not transform the quartz into tridymite, but into β-quartz or coesite [31] . Due to this fact, this transformation of quartz into tridymite had to occur at less pressure than 1 GPa, regardless if it was formed in 4 Vesta or in the entrance and impact in the Earth, because otherwise coesite would be also present.
The formation of the tridymite mineral phase in 4 Vesta during the geological active period of the asteroid could be a third possible explanation. As it is known, 4 Vesta had once a magma ocean which, gradually, solidified in the asteroid's core and in different geological layers [32] . During this period, tridymite could have formed in a similar way as it is formed on the Earth, appearing in cavities and vesicles of igneous rocks [33] . During that time, there was enough temperature for the formation of this mineral phase, whilst the pressure in its surface was less than 1GPa, due to the small size and therefore very low gravity of 4 Vesta [32] .
Regarding the minor mineral phases found in the meteorite sample, some Raman bands of the ilmenite found in the studied EET 83227 meteorite sample did not match with the ones from literature, even though ilmenite is stated in literature to be present in 4 Vesta [19] . At first, it was thought that the mineral found had an ilmenite-type structure, containing vanadium, which would lead to a Raman spectrum that resembled the ilmenite's one with different secondary band position. However, the SEM-EDS results given for the Fe and Ti did not have statistical differences, which would make sense with the presence of ilmenite (FeTiO 3 ) and its stoichiometry. In addition, the concentration of vanadium in the hotspots is very low compared to the iron and titanium. These facts led to think that the mineral phase was ilmenite and not an ilmenite-type compound with vanadium. Nonetheless, the vanadium was absent in the entire sample except in these hotspot zones, correlated with titanium, as it was observed in Fig. 1 . This vanadium distribution, and the fact that the secondary Raman bands did not match with the literature, led to think that the vanadium was a substituent of the titanium in a small proportion in the mineral phase, which could have led to the different shifts in the Raman spectrum secondary bands.
In addition to the already mentioned mineral phases, calcite was also found in the specimen. As it is known, the formation of this compound in weathering processes usually implies a crystallisation by evaporation from an aqueous solution [34] . The fact that meteorites usually stay long periods of time on the Earth leads them to suffer several terrestrial weathering processes, one of which is the formation of evaporites in their surface and veins [35] . This weathering process has been traditionally explained by the interaction between water, atmospheric CO 2 and the original minerals from the meteorite. Reactions involving these three elements take place, transforming the original mineral phases into the altered ones, which are no longer considered extraterrestrial materials [36, 37] .
In order to carry out a deeper study of the area where calcite appeared, a Raman chemical image was acquired using the main band of this mineral phase (Fig. 6) . As it can be observed, this mineral is present only in an area that is significantly different from the pyroxene/feldspar matrix. This area Fig. 6 Raman imaging performed with the 532 cm-1 excitation laser. The morphology of the area analysed (left) together with the calcite Raman image, where the calcite main band was used for the mapping (right) can be observed does clearly not belong to the original matrix of the meteorite sample, from a visual point of view, and appears as an addition to the surface of the sample. The calcite weathering process can lead to formations of this mineral phase with a similar shape to nanobacteria colonies [38] . In fact, shape and form of the alteration zone of the EET 83227 is very similar to the one that Benzerara presents in his work. He explained the formation of calcite in a similar way as mentioned above, as a process involving water, atmospheric CO 2 and original minerals from the meteorite. However, he states that biological activity must have taken place in these original minerals in order for the calcite to acquire these unusual formations and shapes. Bacteria and other micro-and nano-organisms usually produce weathering processes in minerals to transform their chemical composition [39] . This alteration of the minerals caused by biological activity could lead to the precursors that, with water and atmospheric CO 2 , end forming calcite with the unusual nanobacteria-like forms.
Conclusions
The geochemical characterisation of the EET 83227 meteorite performed with non-destructive techniques has contributed to gain a deeper knowledge of the mineral composition present both in the 4 Vesta asteroid and in this particular specimen. In this regard, it was found that the pyroxene present in this sample has a similar composition to the on stated in literature, but with a bit lower Mg content. This fact was not opposed to the theory of 4 Vesta geology and eucrites, as Mg content remained as the highest and Ca content as the lowest. Thanks to this finding, it was seen that the use of microscopic analytical techniques focused on specific mineral grains can provide new information in contrast to other techniques that analyse samples as a whole.
In addition, it was seen that micro-Raman spectroscopy can provide relevant information about the different conditions that the meteorite has been through. For instance, the evidence of the shock process suffered by the EET 83227 has been observed due to the presence of altered Raman bands in the spectra of feldspar. However, it was deducted the shock did not affect all the meteorite in the same way, leaving some minerals without pressure or temperature alterations, as there were also observed normal feldspar spectra. In addition, Raman spectroscopy was used to determine the crystal system of feldspar and would have been useful to obtain the metallic composition of the pyroxene if they have had been a quadrilateral pyroxene. In this sense, it was observed how Raman spectroscopy is a reliable technique not only to obtain the mineralogical characterisation of a specimen, but also to obtain results for other factors, such as elemental composition or crystallisation characteristics. However, there is little literature around these aspects of Raman spectroscopy applied into geochemistry, and more research in this field would lead to more obtainable results from the sample solely with his technique, with the same accuracy as other techniques but with a shorter time of analysis.
Moreover, tridymite has been found for the first time in a 4 Vesta meteorite. Although it was not possible to deduce the formation process of it, the most likely explanation is that it was formed in 4 Vesta, when the asteroid still had geological activity. This fact would mean the discovery of tridymite in 4 Vesta. The finding of this mineral phase also demonstrates that the meteorite suffered high temperatures (at least 870°C), but not high pressures. Besides, the identification of tridymite by means of more traditional techniques, such as optical microscopy, would have been difficult. With the combination of the techniques proposed in this work, this finding was possible, which means that the use of this kind of methodology is essential to study extraterrestrial materials, aside from optical microscopy.
As it is usual in meteorites, a weathering process product was observed. Although it does not provide information about the geology of 4 Vesta or the conditions suffered in the atmospheric entrance, their study is crucial. The calcite formations that were observed in the studied sample could lead to misunderstandings in the EET 83227 study. In this case, they were probably formed due to a weathering process that ended up in the transformation of the original pyroxene into calcite, maybe by the action of biological activity.
We would like to highlight the use of SCA technology in the case of the ilmenite determination. Thanks to the fact that it was possible to obtain the elemental and the mineralogical information of single crystals and hotspots, it was possible to unambiguously detect the presence of such mineral. In this sense, it was observed that this methodology has a lot of advantages in the measurement of this type of sample, as it allows performing the elemental and mineralogical characterisation of a micrometric spot in a fast and reliable way.
